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1.  INTRODUCTION 


In  Walker  suggested  that  the  metallic  jet  formed  by  a  shaped  charge  could  be 
defeated  by  passing  a  large  electrical  current  through  the  jet  (Walker  1973).  Conceptually,  the 
simplest  defeat  mechanism  is  vaporization  of  the  jet.  but  this  process  requires  an  enormous 
expenditure  of  electrical  energy  which,  in  turn,  imposes  a  significant  size  and  weight  burden 
on  any  practical  system.  A  number  of  possible,  more  efficient  electromagnetic  (EM)  disruption 
mechanisms,  such  as  the  excitation  of  hydrodynamic  instabilities  have  been  suggested.  The 
effects  of  large,  externally  supplied  electrical  currents  on  the  stability  properties  of  copper 
shaped  charge  jets  have  been  examined  in  recent  theoretical  work  at  the  Ballistic  Research 
Laboratory  (BRL)  (Powell  and  Littlefield  1990;  Littlefield  and  Powell  1990). 

Advances  in  pulsed-power  technology  since  the  time  of  Walker’s  suggestion  make  it 
feasible  to  study  experimentally  the  disruption  of  shaped  charged  jets  by  electromagnetic 
means.  In  recent  years,  proof-of-principle  (POP)  experiments  were  conducted  by  Johnson 
and  Toepfer  (1985)  and  Urn  and  Cayere  (1988).  the  latter  under  contract  jointly  to  BRL  and 
the  Defense  Nuclear  Agency  (DNA).  The  present  work  was  done  in  preparation  of  future 
experiments  that  will  further  elucidate  the  defeat  mechanisms. 

In  one  possible  EM  armor  design,  an  outer  hull  would  serve  as  the  electrical  ground  plate, 
while  an  inner,  insulated  hull  would  be  held  at  a  high  potential  by  a  charged  capacitor  bank, 
the  source  of  the  electrical  energy  to  disrupt  the  jet  When  a  shaped  charge  jet  penetrates 
the  ground  plate  and  reaches  the  ’hot*  or  high-potential  plate,  it  completes  a  circuit  between 
the  plates,  connecting  the  stored  energy  (power  supply)  to  the  plates.  Thus,  the  pulsed-power 
source  in  EM  armor  experiments  is  fundamentally  different  from  the  normal  capacitor-bank 
power  supply.  In  the  latter,  internal  switches  within  the  power  supply  deliver  the  stored  energy 
to  the  load  on  command,  whereas  in  EM  armor  experiments  the  jet  from  a  shaped  charge  acts 
as  the  switch. 

A  convenient  way  to  simulate  the  switching  action  of  the  jet  for  bench-top  experiments  is 
to  use  an  air  or  gas  gun  to  propel  a  copper  wire  tfirough  an  electrified-plate  assembly.  In  this 
report,  we  describe  the  development  of  a  laboratory  test  facility  consisting  of  an 
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electrified'plate  assembly  coupled  to  an  existing  BRL  air  gun.  The  purpose  of  this  effort  is  to 
provide  both  a  suitable  test  stand  for  use  in  the  development  of  diagnostics  for  range 
experiments  planned  in  succeeding  years  and  a  means  of  developing  special  techniques  for 
application  to  EM  armor  and  other  EM  technology  experiments. 

2.  INSTRUMENTATION  AND  EXPERIMENT 

2.1  Air  Gun  and  Sabot.  A  1.2-m  air  gun  with  a  2.54-cm  bore  was  used  to  launch  copper 
wires  with  diameters  of  2.5  mm.  Thus,  the  wires  had  to  be  mounted  in  a  carrier  to  keep  the 
wire  centered  in  the  bore  and  to  form  a  gas  seal  with  the  bore.  The  carrier  (Figure  1 ) 
developed  for  these  experiments  has  three  parts:  (1)  a  plexiglass  front  support,  (2)  a 
stainless  steel  thin-wall  tube  (7.5  cm  long  and  1.3-cm  outside  diameter),  and  (3)  a  nylon  back 
support.  The  plexiglass  front  support  is  a  disk  with  a  hole  through  the  center  that  is  large 
enough  for  the  copper  wire  to  slip  through.  The  nylon  back  support  has  a  blind  hole  at  its 
center  to  hold  the  end  of  the  copper  wire.  On  the  backside  of  the  plexiglass  disk  is  a  flange 
into  which  the  outside  diameter  of  the  stainless  steel  tube  is  press-fitted.  The  nylon  back 
support  also  has  a  seat  for  the  stainless  steel  tube.  The  diameter  of  the  supports  allows  a 
0.3-mm  clearance  with  the  bore.  This  clearance  permits  the  supports  to  slide  down  the  bore 
with  minimal  resistance  while  maintaining  a  gas  seal.  Thus,  the  supports  center  the  axis  of 
the  stainless  steel  tube  and  the  copper  wire  onto  the  axis  of  the  bore  of  the  air  gun. 

After  the  carrier  and  the  wire  exit  the  muzzle  of  the  air  gun,  the  carrier  is  stopped  by  a 
stripper  plate  (Figure  2).  The  stripper  plate  is  a  2.54-cm-thick  aluminum  plate,  20  cm  wide 
and  40  cm  tall  with  a  0.95-cm  hole  to  permit  passage  of  the  copper  wire.  These  dimensions 
give  the  plate  sufficient  mass  to  absorb  the  momentunrj  of  the  carrier.  Occasionally,  in  early 
shots,  the  stainless  steel  tube  would  hit  the  wire  as  the  tube  impacted  the  stripper  plate.  This 
was  prevented  by  placing  a  steel  cone  insert  with  a  knife  edge  in  the  plate  hole.  After  the 
plexiglass  front  support  is  shattered,  the  knife  edge  engages  the  inside  of  the  tube  and  spiite 
the  tube  from  the  inside,  thus  directing  the  tube  wall  away  from  the  wire. 
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Figure  1 .  A  Sabot  for  the  Air  Gun  to  Launch  a  Cooper  Wire. 
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2.2  Instrumentation  for  Velocity  Measurement.  After  separation  from  the  carrier,  the  wire 
intersects  two  light  paths  to  permit  a  determination  of  its  velocity.  These  light  paths  are 
located  near  the  entrance  to  the  parallel-plate  array,  which  is  connected  to  a  capacitor  bank. 
Electronic  circuitry  in  this  region  would  be  very  close  to  large  electrical  currents  and  exposed 
to  possible  electrical  arcs.  To  avoid  this  difficulty,  light  pipes,  positioned  normal  to  the 
trajectory  of  the  wire  and  opposite  a  light  source,  are  used  to  transmit  the  optical  signals  to 
photodetectors  located  in  a  well-shielded  box  at  a  distance  from  ttie  parallel  plates.  The 
circuitry  of  the  photo  detection  system  is  described  in  Appendix  A. 

2.3  Parallel  Plates  and  Capacitor  Bank  Arrangement.  The  wire  enters  the  parallel  plates 
through  a  2.54-cm  hole  in  the  first  plate  which  is  grounded  (Figure  3).  The  other  parallel  plate 
is  mounted  5.08  cm  from  the  grounded  plate  and  is  connected  to  the  capacitor  bank.  The 
wire  exits  the  hot  plate  through  another  2.54-cm  hole  and  is  stopped  in  a  catcher  box  (not 
shown).  The  entrance  hole  and  the  exit  hole  are  covered  with  thin,  copper  tape  to  serve  as 
electrical  connections  between  the  plate  and  the  copper  wire  while  the  wire  is  bridging  the. 
gap.  and  to  assist  in  the  initiation  of  the  two  arcs,  one  in  each  2.54-cm  hole,  which  are  a 
necessary  part  of  the  conduction  path  for  the  wire. 

The  capacitor  bank  consists  of  four  500-nF,  10-kV  capacitors,  each  of  which  is  connected 
in  series  with  a  35-m.H  coil.  The  four  capacitor-coil  assemblies  are  each  connected  in  parallel 
across  the  plates  (Figure  3).  A  dump  resistor  in  series  with  a  remote-controlled  relay  is  also 
connected  to  the  hot  plate.  When  the  remote-controlled  relay  is  opened,  the  hot  plate  is 
isolated  and  the  capacitors  can  then  be  charged  through  the  coils  by  the  high-voltage  power 
supply.  If  the  charge  on  the  capacitors  is  to  be  dumped  when  a  run  is  aborted  or  residual 
charge  on  the  capacitors  is  to  be  dumped  after  the  run,  the  relay  is  closed,  placing  the  dump 
resistor  directly  across  the  hot  plate  and  ground. 

2.4  Current  Measurements  Techniques.  The  circuit  currents  for  each  capacitor-coil  array 
(see  Figure  3)  may  be  obtained  from  measurements  with  either  current  transformers,  which 
measure  the  current  as  a  function  of  time,  or  Rogowski  coils,  which,  if  designed  properly,  can 
provide  voltages  proportional  to  the  time  derivative  of  the  current  threading  the  loop  of  the  coil. 
The  latter  method  was  chosen  for  the  present  experiments  because  it  is  more  useful  in 
identifying  features  in  the  data.  In  the  present  experiments,  some  abrupt  changes  in  circuit 
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Figure  3.  Schematic  of  the  Capacitor  Bank. 

element  parameters  not  apparent  in  either  the  voltage  or  current  waveforms  are  easily 
recognizable  in  waveforms  proportional  to  the  derivative  of  these  quantities  (see  Section  3). 

Four  Rogowski  coils  with  toroidal  cross  sections  were  constructed  in  the  course  of  this 
work.  The  design  of  these  non-integrating  Rogowski  coils  is  described  in  Appendix  B.  The 
coils  were  calibrated  against  a  standard  Rogowski  coil  by  placing  them  all  on  the  same 
current-carrying  cable.  The  current  source  was  a  capacitor  bank  equipped  with  an  ignitron 
switch.  The  signal  from  each  coil  was  simultaneously  recorded  by  a  Nicolet  4094C  digital 
oscilloscope.'  The  wave  forms  from  the  four  new  coils  were  nearly  identical  to  the  standard 
coil,  except  for  a  scaling  factor.  The  sensitivity  of  each  coil  was  determined  by  comparison  of 
the  peak  voltage  in  the  oscilloscope  trace  for  the  coil  and  that  for  the  standard  Rogowski  coil 
previously  calibrated  with  a  Pearson  current-shunt.  All  four  coils  were  found  to  have 
sensitivities  within  1 0%  of  the  desired  value.  As  a  further  check  for  consistency,  the 
inductance  and  internal  resistance  of  each  coil  was  measured  with  a  Hewlett/Packard  Model 
4274A  Multi-Frequency  LRC  meter,  and  this  result  was  used  to  calculate  the  coil  sensitivity 
using  the  formulas  given  in  Appendix  B.  These  calculated  values  also  agreed  with  the 
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measured  ones  to  within  10%.  Measurements  of  fast-rise  time  currents  from  a  signal 
generator  indicate  that  the  time  response  for  each  coil  is  about  1.0  ps,  more  than  adequate  for 
the  present  experiments. 

2.5  Voltage  Measurement  Technique.  To  determine  the  power  dissipated  by  the  arc,  both 
the  current  through  the  arc  and  the  voltage  across  the  arc  must  be  measured.  The 
conventional  way  to  measure  the  voltage  is  to  use  a  voltage  divider  consisting  of  a  string  of 
resistors.  This  may  not  be  practical  in  this  experiment  for  two  reasons.  First  since  the  plates 
must  sustain  a  potential  difference  for  some  time  before  the  experiment  begins  (the  copper 
wire  acts  as  the  closing  switch  which  initiates  current  flow),  the  resistors  would  heat  up  during 
this  time  and  the  calibration  might  change.  Second,  the  resistor  divider  presents  a  load  to  the 
charging  circuit  and  capacitor  bank.  Thus,  a  voltage  sensor  that  does  not  present  a  direct 
current  load  is  desirable.  A  sensor  that  detects  the  electric  field  between  the  plates  has  this 
property. 

The  electric  field  sensor  developed  for  these  experiments  (Figure  2)  is  a  2.5-cm  x  7.5-cm 
section  of  double-clad  circuit  board.  The  front  side  of  the  circuit  board  facing  the  hot  plate  is 
connected  to  the  center  conductor  of  a  coaxial  cable,  and  the  backside  facing  the  ground 
plate  is  connected  to  the  braiding  of  the  coaxial  cable.  The  circuit  board  is  mounted  in  a 
recess  of  the  ground  plate  (as  shown  in  Figure  2)  with  a  fiberglass  board  to  insulate  the  back 
face  from  the  ground  plate.  Also,  the  front  face  of  the  circuit  board  is  covered  by  a  fiberglass 
board  to  prevent  charged  particles  from  hitting  the  front  side. 

When  voltage  is  applied  to  the  hot  plate,  a  charge  is  induced  on  the  front  face  of  the 
circuit  board.  If  the  charge  on  the  hot  plate  changes,  the  amount  of  induced  charge  must  also 
change  when  the  sensor  front  plate  is  connected  to  ground  through  a  resistor.  Thus,  the  rate 
of  change  of  induced  charge  on  the  front  face  is  proportional  to  the  center  conductor  current, 
which  is  consequently  proportional  to  the  rate  of  change  of  the  electric  field  between  the 
plates. 

The  sensor  was  calibrated  by  connecting  a  high-voltage  pulser  to  the  hot  plate  after 
disconnecting  the  capacitor  bank.  Since  this  sensor  responds  to  the  time  derivative  of  the 
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voltage  across  the  plates,  its  signal  was  recorded,  integrated,  and  compared  with  plate  voltage 
as  measured  by  a  standard  resistance  voltage-divider. 

It  was  thought  that  having  the  back  plane  insulated  from  the  ground  plate  would  prevent  a 
ground  loop  that  could  change  the  response  of  the  sensor.  Calibrations  were  performed  with 
the  sensor  back  face  grounded  to  the  ground  plate  and  then  insulated  from  the  ground  plate. 
No  significant  differences  were  observed.  It  was  noted,  however,  that  the  calibration  varied 
from  day  to  day.  Some  possible  reasons  for  the  variation  are  changes  in  humidity, 
temperature,  or  the  surface  conditions  of  either  the  copper  cladding  or  the  fiberglass  boards. 
However,  the  variation  in  the  calibration  was  small,  typically  of  the  order  of  1 0%,  over  a  period 
of  hours.  Thus,  the  sensor  should  be  calibrated  just  prior  to  a  shot. 

3.  EXPERIMENTAL  RESULTS 

The  experimental  data  reported  herein  were  recorded  on  Nicolet  4094C  digital 
oscilloscopes.  For  each  shot,  the  two  light  pipe  signals,  a  Rogowski  current  trace  from  each 
of  the  four  LC  circuit  arrays,  and  a  signal  from  an  electrical-field  sensor  used  to  determine  the 
voltage  across  the  plates,  were  recorded.  For  some  runs,  a  signal  derived  from  a  Rogowski 
Belt  surrounding  the  support  for  the  ground  plate,  which  sensed  the  total  current  in  the 
experiment,  was  recorded. 

3.1  Velocity  Measurements.  Figure  4  shows  the  light  pipe  signals  from  a  typical  shot. 

The  top  trace,  displaced  upwards  for  illustration,  is  from  the  light  path  closest  to  the  air  gun. 

As  noted  earlier,  the  arrival  of  the  wire  at  the  light  path  is  indicated  by  an  increase  in  voltage. 
Although  the  rise  time  of  the  light  detection  system  is  only  0.5  ps,  the  rise  time  of  the  signals 
in  Figure  4  is  about  20  ps.  Part  of  this  increase  is  due  to  the  time  required  for  the  wire  to 
cross  the  width  of  the  light  path,  which  is  1 .5  mm.  For  the  typical  wire  velocities  used  in  this 
experiment,  about  20,000  cm/s,  this  contribution  to  the  rise  time  should  be  about  7  ps. 

A  major  contributor  to  the  total  rise  time  observed  in  the  recorded  signal  is  the  capacitance 
of  the  unterminated  coaxial  cable  used  to  couple  the  photodetector  output  to  the  waveform 
recorder  which  is  operated  in  a  high-impedance  mode  (to  keep  the  remote  light  detector 
simple,  the  amplifiers  are  very  low-power  units  not  capable  of  driving  low-impedance  loads 
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Figure  4.  Light  Path  Signals. 

such  as  terminated  coaxial  cables).  This  does  not,  however,  introduce  a  large  uncertainty  into 
the  determination  of  the  wire  velocity.  This  contribution  to  the  uncertainty  is  reduced  by  taking 
the  arrival  time  to  be  the  midpoint  between  the  maximum  level  and  the  initial  level  of  the 
signal.  Using  this  criterion,  the  time  for  the  wire  to  cross  the  two  light  paths  (Figure  4)  is 
131  ns.  With  a  light  path  separation  of  2.54  cm,  the  velocity  of  the  wire  was  determined  to  be 
1 9,400  cm/s.  The  initial  and  maximum  signal  levels  were  not  distinct,  but  using  different 
maximum  and  initial  levels  did  not  change  the  results  by  more  than  700  cm/s.  This 
contribution  represents  the  major  uncertainty  in  the  velocity  measurement. 

There  are  other  features  in  the  light  pipe  signals.  One  is  a  sharp  peak  at  0.0  ms  (see 
Figure  4)  that  is  present  in  both  light  pipe  signals.  These  peaks  occur  at  the  time  of  initial 
current  flow  between  the  plates  and  may  be  caused  by  electrical  noise  induced  by  the 
capacitor  bank.  Another  feature  is  a  sudden  drop  in  the  signal  at  0.065  ms,  which  suggests 
that  the  PIN  diodes  received  a  sudden  pulse  of  light  at  this  time.  Because  the  electrical  arc 
between  the  plates  is  a  source  of  very  intense  light,  it  is  possible  that  the  PIN  diodes  are 
responding  to  reflected  light  from  this  source. 
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Using  the  measured  velocity  for  the  wire,  19,400  cm/s,  the  time  for  four  important  events 
can  be  discussed.  These  events  are  (1 )  the  wire  crossing  the  light  path  closest  to  the  muzzle 
of  the  air  gun,  (2)  the  front  end  of  the  wire  reaching  the  hot  plate  which  initiates  a  current 
between  the  plates,  (3)  the  back  end  of  the  wire  passing  the  ground  piate,  and  (4)  the  back 
end  of  the  wire  passing  the  hot  plate.  The  time  of  the  second  event  is  taken  to  occur  at  the 
origin  in  Figure  4.  This  event  is  marked  by  a  sudden  increase  of  the  Rogowski  coil  signal 
which  monitors  the  current  from  the  capacitor  bank  to  the  plates  (Figure  5).  Using  this  time 
origin,  the  wire  crossed  the  first  light  path  at  -508  ^s,  as  determined  directly  from  the  data. 
Since  the  wire  is  15.24  cm  long  and  the  spacing  between  the  plates  is  5.08  cm,  the  back  end 
of  the  wire  would  be  10.16  cm  behind  the  ground  plate  when  the  front  tip  is  at  the  hot  plate. 
Thus,  using  the  value  determined  for  the  veiocity  of  the  wire,  the  back  end  of  the  wire  should 
leave  the  ground  plate  at  528  |is — the  time  for  the  third  event.  Finally,  the  back  end  of  the 
wire  should  leave  the  hot  plate  at  792  |is — ^the  time  for  the  fourth  event.  The  second  and 
fourth  events  are  manifested  in  the  time  derivative  of  the  current  between  the  plates. 

The  velocity  of  the  wire  can  be  independently  determined  by  measuring  the  distance 
between  the  first  light  path  and  the  hot  plate  (10.04  cm)  and  the  time  for  the  first  event 
(-508  ns).  According  to  these  measurements,  the  velocity  of  the  wire  is  19,800  cm/s.  This  is 
3%  larger  than  the  value  determined  by  using  the  two  light  pipe  signals.  With  the  time 
relationships  established  by  these  optical  data,  it  is  possible  to  relate  the  significant  features  in 
the  current  traces  to  the  position  of  the  wire  in  the  plate  assembly.  These  correlations  are 
discussed  in  the  following  sections. 

3.2  Capacitor  Bank  Current  Measurement.  When  the  wire  reaches  the  hot  plate  and 
completes  the  circuit,  the  currents  immediately  begin  to  flow  and  the  time  derivative  of  the 
current  is  a  maximum.  Thus,  the  signal  from  the  Rogowski  coils  (Figure  5)  rises  very  quickly 
to  a  maximum  when  the  wire  completes  the  circuit,  which  marks  the  time  for  the  second 
event.  The  time  for  this  event,  as  stated  earlier,  is  defined  as  zero.  The  Rogowski  coils 
show  that  the  current  was  changing  after  the  third  event  at  528  ps  and  until  the  fourth  event  at 
792  4S.  This  is  the  period  when  the  back  end  of  the  wire  was  between  the  plates.  Thus,  the 
current  had  to  flow  from  the  back  end  of  the  wire  across  an  air  gap  whose  length  was 
increasing  during  this  period.  As  the  wire  left  tiie  plates  at  792  ns,  the  time  derivative  of  the 
currents  dropped  to  zero  when  the  current  between  the  plates  stopped  (see  Figure  5). 
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Figure  5.  The  Time  Derivative  of  the  Current  for  Each  Coil. 

The  Rogowski  outputs  show  that  currents  flowed  through  the  capacitors  after  the  wire  had 
left  the  plates  entirely.  These  currents  were  not  flowing  through  an  arc  but  from  one  capacitor 
to  another.  This  can  be  demonstrated  by  summing  all  the  Rogowski  currents  to  find  the  time 
derivative  of  the  total  current  between  the  plates  (Figure  6).  The  result  shows  that  the  time 
derivative  of  the  plate  current  was  zero  after  the  wire  had  left  the  plates,  or  that  the  current 
was  constant.  The  plate  current  itself  can  be  found  by  numerically  integrating  the  time 
derivative  for  each  coil  to  get  the  current  for  each  coil  (Figure  7)  and  then  adding  the  currents 
(Figure  8).  The  results  show  that  the  plate  current  was  small,  consistent  with  a  value  of  zero, 
after  the  wire  exited  the  plates. 

Because  current  was  flowing  between  the  plates,  the  only  other  paths  that  currents  could 
follow  were  from  one  capacitor  to  another.  This  is  possible  if  the  voltages  of  the  capacitors 
are  not  all  equal  after  the  plate-current  flow  ceases.  Since  neither  the  capacitance  nor  the 
inductance  of  the  four  circuits  are  exactly  equal,  the  time  dependence  of  the  currents 
(Figure  7)  are  not  the  same.  Therefore,  the  voltages  on  the  capacitors  will  not  be  equal  when 
the  plate-current  flow  ceases,  and  current  flow  will  persist  until  equalization  occurs. 
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Figure  8,  The  Plate  Current. 

The  circuit  composed  of  the  four  capacitors  and  inductors  of  the  capacitor  bank  and  the 
arc  resistance  (Figure  3)  can  be  approximated  by  an  LRC  circuit,  which  consists  of  an 
equivalent  capacitor,  inductor,  and  resistor  connected  in  series.  In  our  case,  the  equivalent 
capacitance  (522  nF)  and  inductance  (32  ^H)  are  estimated  by  taking  the  average  of  the 
circuit  capacitances  and  inductances,  respectively.  These  estimates  are  valid  when  the 
component  values  for  the  four  circuits  are  about  equal.  The  equivalent  resistance  is  equal  to 
the  load  resistance  of  the  capacitor  bank,  which  is  estimated  from  the  decay  of  the  current  to 
be  about  0.1  ohms.  The  total  current  of  the  capacitor  bank  as  a  function  of  time  can  be 
calculated  by  using  this  LRC  circuit  description,  and  taking  the  initial  voltage  of  the  capacitor 
to  be  four  times  the  voltage  of  the  capacitor  bank.  With  an  assumed  initial  voltage  of  3,200  V 
(the  capacitor  bank  was  charged  to  800  V)  and  the  equations  for  a  series  LRC  circuit,  the  total 
peak  current  is  calculated  to  be  10.2  kA  at  180  ^s  returning  to  zero  at  420  ns.  These 
calculated  points  agree  well  with  the  measured  current  (see  Figure  8). 

There  are  rapid  changes  in  the  current  due  to  the  effects  of  breakdown  in  the  gas  at 
420  ps  and  830  ps,  times  when  the  total  current  is  zero  and  the  direction  of  the  current 
reverses.  When  the  current  approaches  zero,  the  voltage  across  the  arc  also  approaches 
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zero.  At  some  time,  the  voltage  will  become  less  than  the  minimum  voltage  needed  to  sustain 
the  arc  (Cobine  1941).  When  the  arc  current  stops,  the  voltage  as  supplied  by  the  external 
circuit  can  then  change  rapidly,  since  the  circuit  is  open.  If  the  supply  voltage  again  becomes 
larger  than  the  breakdown  voltage,  the  arc  will  be  reestablished.  Therefore,  the  arc  voltage  is 
expected  to  change  rapidly  when  the  current  crosses  zero.  In  the  following  section,  an 
indirect  method  for  estimation  of  the  arc  voltage  is  described.  This  method  is  particularly 
sensitive  to  small  changes  in  the  condition  of  the  arc. 

3.3  Arc  Voltage  Measurement.  The  signal  from  the  electric-field  sensor  for  a  typical  wire 
shot  is  shown  in  Figure  9.  When  the  arc  starts  at  zero  time,  the  piate  voltage  changes  from 
800  V,  the  capacitor-bank  voltage,  to  approximately  0.0  V  (Figure  10).  This  means  that  the 
time  derivative  of  the  plate  voltage  is  very  large;  indeed,  the  signal  at  zero  time  is  saturated. 
The  two  other  major  peaks  mark  when  the  arc  current  passes  through  zero  and  reverses 
direction. 

The  arc  voltage  (V)  can  be  calculated  from  the  time  derivative  of  the  current,  as  measured 
by  the  Rogowski  coil  in  the  loop,  by  using  the  circuit  equation 

V  =  Q/C  -  L  dl/dt . 

The  quantity  (Q)  is  the  charge  on  one  of  the  capacitors  (C)  in  the  bank,  and  dl/dt  is  the  time 
derivative  of  the  current  through  the  inductor  (L)  connected  to  that  capacitor.  The  only 
quantity  that  is  not  known  or  directly  measured  in  this  equation  is  the  charge  on  the  capacitor. 
The  charge,  however,  can  be  derived  by  integrating  dl/dt  twice — once  to  obtain  the  current 
and  again  to  obtain  the  charge.  The  result  of  this  calculation  is  shown  as  a  solid  line  in 
Figure  10. 

Integration  of  the  signal  from  the  electric-field  sensor  and  the  addition  of  a  constant  offset 
voitage  produces  a  curve  (the  pluses  in  Figure  10)  which  is  in  qualitative  agreement  with  the 
plate  voltage  determined  by  integration  of  the  Rogowski  traces.  The  poor  agreement  at  early 
times  is  to  be  expected  due  to  the  fact  that  the  sensor  signal  saturates  the  amplifier,  and  the 
recovery  time  for  the  circuit  is  time  dependent  and  uncertain.  The  sensor  data  are,  however, 
in  good  qualitative  agreement  with  the  plate  voltage  determined  by  other  means. 
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Figure  10.  The  Plate  Voltage. 
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These  results  show  that  the  voltage  for  the  first  half-cycle  (0.0  ^s  to  41 0  ^s)  and  the 
second  half-cycle  (410  ^s  to  820  ^s)  does  not  depend  strongly  on  the  current.  The  only  time 
the  arc  voltage  changes  significantly  is  when  the  current  passes  through  zero  and  reverses 
direction. 

Although  the  arc  voltage  (Figure  10)  does  not  display  any  significant  features  in  the  time 
interval  between  530  ps  and  790  ps,  the  electric-field  sensor  (Figure  9).  which  responds  to  the 
time  derivative  of  the  electric  field  between  the  plates,  clearly  shows  some  features  at  these 
times.  For  example,  beginning  at  530  ps,  when  the  back  end  of  the  wire  begins  to  move 
away  from  the  ground  plate,  the  time  derivative  of  the  voltage  starts  to  increase  linearly  and 
generally  continues  to  do  so  until  the  wire  leaves  the  hot  plate  at  790  ps.  At  this  point,  the 
conduction  path  between  the  plates  no  longer  contains  a  segment  of  copper  wire  but  consists 
entirely  of  an  arc  or  arcs.  Thus,  the  electric-field  sensor,  which  as  noted  earlier  actually 
responds  to  the  time  derivative  of  the  electric  field  between  the  plates,  appears  to  show  some 
features  more  clearly  than  other  perhaps  more  direct  ways  of  determining  the  plate  voltage. 

4.  SUMMARY 

Principal  goals  of  the  development  effort  were  twofold:  (1)  to  provide  a  closing  switch 
simulator  (i.e.,  an  external  [to  the  power  supply]  mechanical  means  of  connecting  the  power 
supply  to  the  load);  and  (2)  to  provide  a  spatial  region  where  controllable  electric  and 
magnetic  fields  could  be  established.  Both  goals  were  realized  in  the  present  version  of  the 
test  stand  by  using  an  air  gun  to  propel  a  copper  wire  through  two  small  holes  in  an 
electrified-plate  assembly. 

Nonintegrating  Rogowski  coils  were  developed  and  used  to  determine  the  currents  in  the 
LC  circuit  arrays  and  between  the  parallel  plates.  Good  agreement  was  observed  between 
the  measured  currents  and  a  circuit  theory  description  of  the  expenment.  In  addition,  the 
voltage  across  the  parallel-plate  array  was  inferred  from  the  current  measurements  and 
compared  with  the  voltage  obtained  by  integration  of  a  sensor  (also  developed  in  the  present 
experiment),  which  responds  to  the  time  derivative  of  the  electric  field  between  the  parallel 
plates.  Good,  qualitative  agreement  between  the  two  determinations  was  obtained  although 
the  field  sensor  did  not  provide  good,  quantitative  data.  The  field  sensor  signal  did,  however. 
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display  more  sensitivity  to  some  of  the  underlying  physical  phenomena  occurring  in  the  region 
of  the  electrical  arcs  than  did  the  other  techniques  used  to  infer  the  value  of  the  plate  voltage. 
For  example,  the  field  sensor  clearly  indicated  plate  voltage  changes  were  occurring  during  a 
period  when  the  conduction  path  included  a  variable-length  arc.  This  effect  was  not  really 
discernible  from  the  integrated  signal  (i.e.,  the  plate  voltage). 

The  velocity  of  the  wire  was  measured  by  optical  means  prior  to  its  entry  into  the 
electrified-plate  region.  The  value  obtained  in  this  fashion  was  compared  to  that  inferred  from 
oscilloscope  traces  related  to  the  time  intenral  between  a  known  location  of  the  tip  of  the  wire 
and  time  of  initial  current  flow  between  the  plates,  the  latter  indicated  by  the  Rogowski  coils. 
These  comparisons  showed  that  the  velocity  of  the  wire  could  be  determined  to  within  an  error 
of  3%,  which  is  more  than  adequate  for  the  planned  experiments.  At  present,  a  variety  of 
techniques  for  the  early  initiation  of  an  arc  and,  subsequently,  current  flow  between  the 
parallel  plates  is  being  studied.  Future  activities  will  include  using  the  electrical  arcs  created 
in  the  test  stand  to  develop  optical  diagnostic  techniques  to  be  used  in  planned  range 
experiments. 

Not  all  of  the  diagnostics  developed  here  are  directly  applicable  to  range  experiments.  For 
example,  the  velocity  measurement  technique  is  useful  only  for  the  test  stand.  However,  the 
time  resolutions  and  signal  magnitudes  for  most  of  the  sensors  described  in  this  report  are,  in 
large  part,  comparable  to  those  expected  in  future  experiments.  More  importantly,  the  test 
stand  provides  a  convenient  facility  for  the  development  of  new  diagnostics  and  diagnostic 
techniques  as  well  as  a  convenient  and  flexible  means  for  calibration  of  existing  instruments. 
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APPENDIX  A: 

PHOTO  DETECTION  SYSTEM  CIRCUITRY 
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A  particularly  simple  type  of  photo-detection  system  consists  of  a  PIN  diode  used  as  a 
voltage  source  to  directly  drive  a  high  input-impedance  amplifier.  A  disadvantage  of  this  kind 
of  detector  is  that  it  is  relatively  insensitive,  requiring  large  light  levels  to  produce  voltages 
significantly  above  normal  laboratory  levels  of  background  light  and  electronic  noise.  The 
linearity,  response  time,  and  sensitivity  for  most  PIN-diode  detection  systems  can  be  improved 
by  operating  the  diode  in  a  reverse-biased  mode.  The  detection  system  used  in  the  present 
experiment  (Figure  A-1)  is  operated  in  this  mode. 

In  Figure  A-1,  resistors  R1  and  R2,  in  conjunction  with  operational  amplifier  No.  2,  form 
the  required  reverse-bias  network.  In  the  absence  of  a  light  signal,  the  circuit  behavior  of  the 
photodiode  is  identical  to  that  of  a  regular  diode  (i.e.,  the  current  in  the  fonward  direction 
increases  rapidly  as  the  amplitude  of  the  fon/vard  voltage  is  increased).  When  the  voltage  is 
in  the  reverse  direction,  the  diode  passes  a  current,  the  magnitude  of  which  decreases  slightly 
as  the  amplitude  of  the  reverse  voltage  increases.  Therefore,  to  achieve  the  desired  response 
time  and  sensitivity,  the  problem  is  that  of  detecting  a  small  current  in  the  presence  of  a  large 
background  PIN  diode  current  and  converting  this  to  an  adequate  voltage  signal.  The  circuit 
shown  in  Figure  A-1  performs  this  separation  by  biasing  out  the  background  current. 

Consider  the  three  paths  that  current  can  take  to  or  from  point  A  in  Figure  A-1 : 

(1)  through  the  PIN  diode,  (2)  through  the  feedback  resistor  Rg  of  operational  amplifier 
Number  1,  and  (3)  through  the  biasing  resistor  R,.  Therefore,  the  output  voltage  of  the 
operational  amplifier  is 


^out  “  ^2  ('bg  ■  ^bias)'  (1) 

where  N/gy,  is  the  output  voltage  of  the  amplifier,  lj,g  is  the  background  current  of  the  PIN  diode 
which  is  negative,  and  l^as  'S  the  current  through  the  bias  resistor  R,. 

To  illustrate  how  this  circuit  biases  out  most  of  the  background  current,  let  the  output 
voltage  of  the  first  operational  amplifier  be  applied  to  the  input  of  the  second,  a  noninverting 
amplifier  with  a  gain  of  about  8.0.  Actually,  there  is  an  RC  filter  between  the  output  of  the  first 
amplifier  and  the  input  of  the  noninverting  amplifier;  but  the  input  voltage  of  the  latter  will  be 
the  same  as  the  output  voltage  of  the  first  amplifier,  in  a  steady  state.  Thus,  the  output 
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Figure  A-1 .  Self-Biasing  PIN  Diode  Amplifier. 

voltage  from  operational  amplifier  Number  1  is  multiplied  by  8  and  is  applied  across  the 
biasing  resistor  R,.  The  biasing  current  is  then: 

'bias  =  8.0  (2) 

Eliminating  l^jas  in  Equation  1  and  Equation  2  and  solving  for  Vqu,,  the  steady-state  output 
voltage  is  then: 


V  = 

''out 


R,  +  8  R2 


^2  Ibg 


(3) 


The  quantity  "R2lbg"  represents  the  output  voltage  that  would  result  in  the  absence  of  a  bias 
circuit  or  current.  The  term  within  the  brackets  thus  represents  an  attenuation  of  the  output 
signal  due  to  the  action  of  the  second  amplifier. 

It  is  desirable  to  operate  with  circuit  parameters  which  provide  a  voltage  change  of  several 
volts  when  the  light  beam  is  interrupted  by  the  arrival  of  the  wire.  To  illustrate,  assume  that 
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the  PIN  diode  is  operated  with  a  background  current  of  0.25  pA  and  the  feedback  resistor 
R2  =  28M  n.  With  no  bias,  the  output  voltage  would  be  -7  V.  If.  however,  the  biasing  circuit 
shown  in  Figure  3  is  used  with  =  14M  Q.  the  output  voltage  is  reduced  to  0.41  V. 
Optimum  sensitivity  would  be  obtained  by  selecting  a  value  for  R^,  which  reduces  the  output 
to  zero  for  the  normal  background  current;  however,  operating  with  a  small  residual  value  of 
the  voltage  provides  a  useful  diagnostic  because  the  output  is  still  proportional  to  the  diode 
current. 

Since  the  rise  time  of  the  output  signal  introduces  an  uncertainty  in  the  determination  of 
the  position  of  the  wire,  this  time  should  be  made  as  small  as  possible  or  at  least  be  known. 
The  rise  time  of  the  circuit  alone  was  measured  by  mounting  a  flashing  light  emitting  diode 
(LED)  close  to  the  PIN  diode,  before  the  light  pipe  was  installed.  The  LED  was  driven  by  a 
pulser  with  a  rise  time  less  than  a  nanosecond  which  turned  the  LED  on  and  off  with  a  rise 
and  fall  time  on  the  order  of  a  nanosecond.  This  produced  a  pulse  at  the  output  of  the  light 
pipe  amplifiers  with  a  rise  and  fall  time  of  0.5  ps.  This  resolution  was  considered  to  be  more 
than  adequate  for  the  present  experiments  due  to  the  anticipated  low  velocity  of  the  copper 
wire. 
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APPENDIX  B: 

ROGOWSKI  COILS  FOR  CURRENT  MEASUREMENTS 
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The  output  voltage  from  a  Rogowski  coil  may  be  required  to  drive  instruments  with  a 
limited  input  voltage  range  and  an  input  impedance  which  can  alter  the  apparent  response 
time  of  the  coil.  Pellinen  et  al.  (1980)  presented  a  general  approach  to  the  design  of  both 
self-integrating  and  non-self-integrating  Rogowski  coils.  To  simplify  the  determination  of  coil 
parameters,  we  make  a  few  assumptions  about  the  expected  use  of  the  coil  and  apply 
Pellinen’s  approach.  We  assume  a  Rogowski  coil,  wound  on  a  toroidal  form  with  square  cross 
section,  which  is  used  to  drive  a  load  with  a  resistance  much  larger  than  the  resistance  of  the 
coll  windings. 

The  sensitivity  of  the  coil  can  then  be  calculated  as  follows.  If  a  current  path  is  assumed 
to  be  on  the  cylindrical  symmetry  axis  of  the  coil,  then 

<D  =  I  w  Po  In  (R^/Rj) /2ji .  (1) 

where  O  is  the  magnetic  flux  inside  the  toroid,  I  is  the  current  in  the  current  path,  w  is  the 
width  of  the  toroid,  R^  is  the  outside  radius  of  the  toroid,  and  R,  is  the  inside  radius  of  the 
toroid  as  shown  in  Figure  B-1 .  Since 

V  =  -N  cKD/dt  =  -N  w  m  In  (R^R,)  12%  dl/dt ,  (2) 

where  V  is  the  output  voltage  and  N  is  the  number  of  turns,  the  sensitivity  (S)  of  the  coil  is  the 
coefficient  of  the  time  derivative  of  the  current,  or 

S  =  NwpJn(R^Rj)/27i.  (3) 

Given  an  estimate  of  the  expected  value  of  the  time  derivative  of  the  current,  these  equations 
can  be  used  to  design  a  coil  to  provide  the  desired  voltage  output. 

If  the  current  in  the  central  conductor  could  change  instantaneously,  the  output  voltage 
from  an  ideal  coil  would  be  a  spike  with  zero  width  and  infinite  voltage.  The  signal  from  a 
practical  coil,  however,  is  an  exponentially  decaying  voltage.  The  time  constant  for  this 
exponential  decay  is  the  response  time  of  the  coil  and  is  dependent  on  the  inductance  of  the 
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Figure  B-1 .  Roaowski  Coil  in  a  Toroidal  Housing. 


coil  and  the  load  resistance.  When  stray  capacitances  are  ignored  and  considering  the 
Rogowski  coil  and  the  load  resistance  as  a  pure  LR  circuit, 


T  =  l^R ,  (4) 

where  x  is  the  response  time  of  the  circuit,  R  is  the  load  resistance,  and  L  is  the  inductance  of 
the  coil.  Since 


L  =  n2  w  pjn  (RyRj)  /2n , 


(5) 


then. 


L  =  NS. 


(6) 


Eliminating  the  inductance  from  Equation  7  then. 
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xR  =  NS . 


(7) 


Since  the  time  derivative  of  the  expected  currents  are  on  the  order  of  1 0°  A/s,  the  desired 
sensitivity,  S,  of  the  Rogowski  coils  is  S  -  10'^  V  s/A  in  order  to  produce  a  10-V  signal  across 
a  50-n  load.  In  addition,  the  time  response  should  be  about  1 .0  ps  to  satisfy  other 
requirements.  Thus,  according  to  Equation  7.  the  coil  should  have  500  turns.  All  of  these 
requirements  could  not  be  met  with  the  available  materials.  It  was  decided  that  the  sensitivity 
was  the  most  important  consideration  and  that  the  requirement  on  the  number  of  turns  was  to 
be  met  as  closely  as  possible. 

A  plexiglass  tube  with  an  inside  diameter  of  7.6  cm  and  an  outside  diameter  of  8.9  cm  was 
used  as  a  coil  form  to  support  approximately  349  turns  of  closely  spaced,  22-gauge  wire. 

With  these  parameters  and  a  sensitivity  of  10'^  V  s/A,  the  width  of  the  coil  (w)  should  be 
0.9  cm  (according  to  Equation  6).  The  inductance  of  the  coil  should  then  be  34.9  |xH 
(according  to  Equation  9)  and  have  a  response  time  of  0.7  ps  (according  to  Equation  7).  Four 
Rogowski  coils  were  fabricated  using  these  forms,  and  each  Rogowski  was  encased  in  a 
toroidal  aluminum  housing.  Being  a  conductive  loop  surrounding  the  coil,  this  housing 
excluded  any  undesirable  axial  magnetic  fields.  A  slot  in  the  toroidal  housing  (giving  it  a  "C* 
cross  section  as  shown  on  the  left  side  of  Figure  B-1)  precluded  currents  whose  fields  would 
cancel  those  linking  the  windings. 
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